ABSTRACT. Optimum conditions for flotation-spectrophotometric determination of iron with 4-(2-pyridylazo)resorcinol (PAR) based on a 1:2 Fe II -PAR complex were found to be as follows: flotation solvent (chloroform), shaking time (2 min), pH (4.50.5), concentration of PAR (2.0×10
INTRODUCTION
4-(2-Pyridylazo)resorcinol (PAR) is one of the most popular analytical reagents. It forms colored complexes with many metal ions and can be used for their spectrophotometric determination. A well-known disadvantage of this reagent is its insufficient selectivity [1] . Commonly used approaches for increasing the selectivity are masking, precise pH control, introduction of additional reagents for the formation of ternary/multicomponent complexes, derivative spectrophotometry, and application of separation/preconcentration steps, which often demand expensive equipment, high running costs, and well-trained personnel. Usually, a combination of these approaches is needed. As a result, the procedures are complex, time consuming, and expensive.
Complexes of Fe II or Fe III and PAR have been investigated and by many authors [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Sometimes, the authors' opinions on various issues concerning the composition, iron oxidation state, or solubility of the complexes in different solvents are contradictory. For example, Hoshino and Yotsuyanagi [3] claim that the neutral Fe II -PAR chelate [Fe(HPAR) 2 ] 0 can be extracted in chloroform. Arya et al. [5] , in their turn, present results showing that the absorbance of this complex in the chloroform phase is zero after the extraction process. Our preliminary investigations on water-chloroform extraction systems containing Fe II and PAR were in accordance with Arya et al. [5] . They showed that only protonated PAR species (H 2 PAR) [12] are extracted in this solvent. Actually, the reddish-purple Fe II -PAR complex accumulates during shaking on the phase boundary (and on the wall of the separating funnel), thus providing an opportunity to separate Fe II quantitatively.
In this work we propose a simple, low-cost, and fast spectrophotometric procedure for determining iron based on dissolving the "floated" Fe II -PAR complex in appropriate solvent (dimethylsulfoxide, DMSO) and measuring the absorbance at a wavelength ( = 718 nm) where the spectral interferences are limited. To the best of our knowledge, PAR has never been applied for flotation-spectrophotometric determination of any element in real samples. Previous investigations of two of us [13] were the first attempt in this area. [10, 14, 15] . The organic solvents were chloroform (redistilled) and dimethylsulfoxide (DMSO; Sigma-Aldrich, ≥99.9%). The acidity of the aqueous medium was set by the addition of buffer solution, prepared by mixing 2.0 mol L -1 aqueous solutions of CH 3 COOH and NH 4 OH. The resulting pH was checked by a Hanna HI 83141 pH meter (Romania). A Camspec M508 spectrophotometer (United Kingdom), equipped with 10 mm path-length cells, was used for the absorbance measurements.
EXPERIMENTAL

Reagents and instruments
Procedure for establishing the optimum flotation-spectrophotometric conditions
Aliquots of iron solution, reducing agent solution, PAR solution, and buffer solution (3 mL; pH ranging from 3.5 to 7.5) were introduced into 125-mL separatory funnels. The resulting solutions were diluted with distilled water to a total volume not higher than 100 mL. Then 5 mL of a water-immiscible organic solvent (e.g. chloroform) were added and the funnels were shaken for a fixed time (5-180 s). After separation of the phases, they were both carefully removed, leaving the precipitate accumulated on the wall of the funnels. Fixed amounts (2-5 mL) of a polar organic solvent (e.g. DMSO) were added to dissolve the complex. Portions of the obtained colored solutions were transferred into cells and the absorbances were measured against blanks.
Analytical procedure
An aliquot of the analyzed sample solution was placed in a separatory funnel. A 1.0 mL aliquot of the hydroxylamine hydrochloride solution, 1.0 mL of the PAR solution, and 3.0 mL of the buffer solution (pH 4.5) were added. The resulting solution was diluted with distilled water to a total volume of 10 mL. A 5 mL volume of chloroform was added and the funnel was shaken for 2 min. After separation of the phases, they were both carefully removed, leaving the precipitate accumulated on the wall of the funnel. A 3 mL volume of DMSO was added to dissolve the complex. A portion of the obtained solution was transferred into a cell. The absorbance was measured at 718 nm against DMSO and the iron concentration was found from a calibration graph.
RESULTS AND DISCUSSION
It is known that a neutral chelate complex can be formed by mixing aqueous solutions of Fe Step 6 was performed with Fe III solutions and the results were compared with these for Fe II solutions. Fe II was used in all remaining steps.
Choice of solvents
Several water-immiscible solvents were tested for the flotation of the Fe II -PAR complex: chloroform, 1,2-dichloroethane, dichloromethane, benzene, toluene, carbon tetrachloride, hexane and cyclohexane. Chloroform was the most suitable flotation solvent since it ensured efficient separation of the complex. This solvent was successfully used in our previous paper [13] and in the work of Shabazi et al. [16] .
The floated Fe II -PAR complex can be dissolved in polar solvents such as DMSO, methanol, ethanol, n-butanol, and acetone. The most polar DMSO (dipole moment of 3.96 D) was used in our experiments. It is not volatile and the resultant intensive red-violet coloration remains stable for a long time (at least 2 days).
Absorption spectra
Spectra of the complex and blank in DMSO are shown in Figure 1 . The complex has three maxima. The most important are these at 498 nm and 718 nm. As might be expected [2, 10] , the first maximum is more intense. However, the second one is more promising from practical point of view since (i) the absorbance of the blank is practically zero (curve 2) and (ii) the selectivity towards some metal ions can be higher [10] . 
Effect of pH
The effect of pH of the aqueous phase on the absorbance is illustrated in Figure 2 . We used ammonium-acetate buffers to control pH. The decrease in absorbance at pH-values less than ca. 4.0 can be explained by the predominance of protonated PAR species in the solution. The decrease in absorbance at pH-values higher than ca. 5.5 can be attributed to hydrolysis. 
Effect of PAR concentration
The effect of PAR concentration on the absorbance is shown in Figure 3 . It can be seen that (i) the complex is stable (there is a sharp break in the saturation curve); (ii) the absorbance at 498 nm slightly decreases at PAR concentrations higher than 1.0×10 −4 mol L -1 , while the absorbance at 718 nm is not affected by high PAR concentrations. We performed our further experiments with PAR concentration of 2.0×10 −4 mol L -1 . Тhis concentration provides sufficient PAR-to-Fe excess even when the solution contains foreign ions prone to form complexes with PAR. In addition, the maintenance of C PAR = 2.0×10 −4 mol L -1 allows performing reliable measurements at both wavelengths. 
Effect of shaking time
Experiments with different shaking times were performed (Figure 4) . The results show that 1.0-1.5 min are sufficient for the quantitative formation and flotation of the complex. For safety reasons the shaking period in our further experiments was 2 min.
Choice of reducing agent
Both Fe II and Fe III form complexes with PAR at slightly acidic conditions. The Fe II -PAR complex described by Arya et al. [5] is neutral, well-extractable in polar organic solvents (nbutanol) and has an analytical application for the spectrophotometric determination of ascorbic acid-a reducing agent for Fe III . Since only Fe II form a complex with PAR that quantitatively can be isolated by flotation, it is important to add appropriate reducing agent before determining the total iron content. The literature [5, 14, 15] describes details on the Fe III reduction with hydroxylamine hydrochloride and ascorbic acid. That is why we checked the applicability of these reagents at our optimum conditions. The results obtained with 1 mL portions of freshly prepared 50 mg mL -1 solutions showed that they both can be used successfully. Further, we used hydroxylamine hydrochloride because of its lower price and considerations described by Ferreira and Nano [15] (greater stability of its solutions). 
Volumes of the solvents
The selected volume of the added flotation solvent (chloroform) was 5 mL, as in the work of Shabazi et al. [16] . We experimented with different volumes of the aqueous phase. The course of the obtained experimental curves ( Figure 5 ) suggested that the increase in the volume over 40 mL is pointless.
The optimum DMSO volume was 3 mL. Smaller volumes resulted in insufficient repeatability of the results. 
Effect of foreign ions
Various ions which are often found together with iron in natural and industrial samples were used to test the selectivity of the proposed procedure. Their effect at  = 718 nm is presented in , pH = 4.5,  = 718 nm, Vchloroform = 5 mL, Vaq. phase = 10 mL, VDMSO = 3 mL. *Defined as the mass ratio of FI and Fe II that cause a relative error less than ±3%. **Above which was not considered.
Calibration graph parameters and precision and accuracy
Calibration graphs were constructed at the optimal conditions ( Figure 6 ) for different volumes of the aqueous phase: 10 mL and 40 mL. The results suggests that (i) the volume of the aqueous phase has a little effect on the lower limit of the linear range; (ii) the intercepts in both cases are statistically different form zero (Table 2) . Table 2 . Statistical analysis of the calibration graphs
Parameters
Volume of the aqueous phase 10 mL 40 mL Linear range (μg mL (Table 3) agree well with the certified values. The relative standard deviation (RSD) was lower than 3.1%.
Determination of iron in zinc concentrates
The content of iron in zinc sulfide concentrates is essential for the process of zinc production [17] . This content is typically in the range 3-18% [18] , but if it exceeds 8% [19] , about 10% of zinc passes into the zinc cake due to the obtaining of zinc ferrite, insoluble in dilute solutions of sulfuric acid. In this context, we used the developed procedure for determination of iron content in zinc sulfide concentrates. The results are shown in Table 3 . They are statistically indistinguishable from these obtained by the sulfocyanate method [20] which is often preffered for routine analysis of such kind of samples. Figure 7 . Determination of the PAR-to-Fe II ratio by the molar ratio method.  = 498 nm (1) and  = 718 nm (2) . The experimental conditions are given in Figure 3 .
Composition of the complex
The molar PAR-to-Fe II ratio was determined by the molar ratio method [21] (Figure 7 ) and the straight-line method of Asmus [22] . The results suggest a composition of 2:1 (PAR:Fe II ) which corresponds to the formula [Fe(HPAR) 2 ] [8, 10] , where HPAR -is the monoprotonated form of PAR [12] .
CONCLUSION
Fe
II forms a coloured complex with PAR which is appropriate for flotation separation and spectrophotometric determination of iron. In the present work we found conditions at which the analysis is inexpensive, fast, selective, sensitive, and precise. Many common sources of errors (e.g. addition of reagents for masking or formation of ternary/multicomponent complexes, high absorbance of the blank, narrow intervals of optimal reagents concentrations and pH, and application of additional separation steps), which can reduce the reliability of the determination, are avoided due to the simplicity of the proposed system based on a stable complex absorbing at a spectral region where the spectral interferences are limited.
